Introduction
============

Subarachnoid hemorrhage (SAH) is a fatal subtype of hemorrhagic stroke associated with significant morbidity and a high mortality rate of up to 50% ([@b1-etm-0-0-3640]). Hydrocephalus is an independent risk factor for poor outcomes in patients with SAH ([@b2-etm-0-0-3640]). Blockage of cerebrospinal fluid (CSF) flow and drainage is widely considered to play a vital role in communicating hydrocephalus ([@b3-etm-0-0-3640]), possibly by inducing subarachnoid fibrosis ([@b4-etm-0-0-3640],[@b5-etm-0-0-3640]). Therefore, to improve long-term neurological outcomes of patients with SAH, it is important to develop new therapies for subarachnoid fibrosis and chronic hydrocephalus.

Antifibrinolytic therapy, commonly used for reducing the rate of further hemorrhage in patients with SAH, has also been reported to be associated with hydrocephalus and delayed brain injury after SAH ([@b6-etm-0-0-3640]). A previous study by the authors of the present study indicated that transforming growth factor-β1 (TGF-β1), a key fibrogenic factor, is significantly elevated in the CSF after SAH ([@b7-etm-0-0-3640]), which implies a pivotal role in the development of chronic hydrocephalus ([@b8-etm-0-0-3640],[@b9-etm-0-0-3640]). TGF-β is usually stored in the extracellular matrix by binding to latency-associated peptide (LAP). Thrombospondin-1 (TSP1) converts the latent TGF-β/LAP complex to its active form by binding to LAP, releasing TGF-β, and making it available to bind to and activate the TGF-β receptor ([@b10-etm-0-0-3640]).

Several previous studies have reported that a small peptide (molecular weight, 458.6 Da), the leucine-serine-lysine-leucine (LSKL) peptide, can inhibit the binding of TSP1 to LAP ([@b11-etm-0-0-3640]--[@b13-etm-0-0-3640]) and alleviate renal interstitial fibrosis ([@b12-etm-0-0-3640]) as well as hepatic fibrosis ([@b13-etm-0-0-3640]). It remains unclear, however, whether LSKL is protective against subarachnoid fibrosis and chronic hydrocephalus following SAH. Thus, the present study sought to investigate the potential protective role of LSKL in SAH-induced subarachnoid fibrosis, specifically whether it acts via inhibition of TGF-β1 signaling, prevention of chronic hydrocephalus, and improvement in long-term cognitive deficits in a rat model of SAH.

Materials and methods
=====================

### Animals

All experimental protocols were approved by the Ethics Committee of Central South University (Changsha, China), and all animal procedures were conducted in accordance with the eighth edition of the National Institutes of Health Guide for the Care and Use of Laboratory Animals (2011).

In total, 103 male Sprague-Dawley rats (age, 6 weeks; weight, 160--180 g; Experimental Center of Central South University) were used. These rats were divided into four groups: Sham group (n=34), SAH+phosphate buffer solution (PBS) group (n=28), SAH+N^15^-labeled LSKL peptide (LSKL-N^15^) group (n=12) and SAH+LSKL group (n=29). All rats were kept in a quiet room at 23--25°C, 70% humidity and a 12 h light/dark cycle and were allowed free access to normal rat chow and filtered water.

### SAH model

Rats were intubated transorally and then anesthetized and maintained under anesthesia with 3% isoflurane in 70:30 medical air:oxygen. The rats were then placed in a supine position on a heating pad to maintain the body temperature at 36.5±0.5°C. The SAH model was executed according to the two-hemorrhage cisterna magna method as previously described ([@b14-etm-0-0-3640]). Briefly, a small (1.0--1.5 cm) longitudinal, midline suboccipital incision was made over the center of the foramen magnum, and the neck muscles were dissected until the dura was visible. Autologous unheparinized blood (0.5 ml) drawn from the arteria cruralis was injected into the cisterna magna (defined as day 0) with a 25-gauge butterfly needle. The rat was then placed on an inclined board at a 45° angle with the head down in a neutral position for 30 min. A second injection of blood was conducted 24 h later by the same procedure. Sham-operated animals were treated in a similar manner with the exception that 0.5 ml PBS was injected instead of 0.5 ml unheparinized blood.

The severity of SAH was assessed using an 18-point SAH grading scale as previously reported ([@b15-etm-0-0-3640]). The score was based on the amount of subarachnoid blood clot. Each of six segments of the basal cistern were scored on a scale from 0 to 3 (total, 0--18 points). If the score is \<8, then the animal was excluded from the study. Previous and present studies conducted in the current team\'s laboratory demonstrate minimal variability in the scoring of SAH ([@b16-etm-0-0-3640]--[@b18-etm-0-0-3640]).

### LSKL peptide administration and detection

To detect the ability of LSKL to pass the blood brain barrier, isotope-labeled LSKL peptide (LSKL-N^15^; GL Biochem Ltd., Shanghai, China), 1 mg/kg ([@b11-etm-0-0-3640]), was injected intraperitoneally on day 3 after SAH (n=10). At 5 min after administration, 100 µl clear and blood-free CSF was collected via cisterna magna puncture under microsurgery with a 27-gauge needle and immediately frozen on dry ice and maintained at −80°C until analysis. At the same time, 1 ml fresh venous blood was collected from the left femoral vein and centrifuged at 4°C and 12,000 × g for 10 min. The supernatant was collected and maintained at −80°C until analysis. The concentration of LSKL-N^15^ was detected by stable isotope ratio mass spectrometry (Finnigan MAT 253; Thermo Fisher Scientific, Inc., Waltham, MA, USA).

For functional assessment of the LSKL peptide, LSKL (1 mg/kg) was intraperitoneally administered immediately following the first blood injection of the SAH modeling procedure and repeated once every 12 h until sacrifice.

### Morris water maze

Between days 17 and 20 following SAH, the Morris water maze test (n=13 per group) was performed in a blinded setup to evaluate SAH-induced neurocognitive deficits, as previously described ([@b19-etm-0-0-3640]). Briefly, the test consisted of three trials, including a cued learning paradigm, spatial paradigm and probe paradigm. All trials lasted a maximum of 60 sec.

The cued learning trials were conducted on day 17 after SAH for non-associative factors that could affect scoring on the Morris water maze, such as motivation, swimming ability and vision. During the cued learning trials, there was a visible platform above the water surface. Rats were placed in the tank and required simply to swim to the platform to end the trial, and were allowed to remain on the platform for 10 sec after finding or being guided to it.

On the following 3 consecutive days, the spatial and probe trials were conducted to measure the ability of the rat to learn and remember the location of a hidden platform in the tank. Unlike the cued learning trial, the platform in these trials was submerged under the water. Once a rat was released in the tank, it was allowed to swim and search for the platform. The total distance to find the platform was measured to reflect spatial learning ability. At 1 h after the spatial trial, the platform was removed completely and the rats were allowed to swim again in search of the now-absent platform. The percentage of time spent in the probe quadrant (the previous location of the platform) was measured to reflect spatial memory ability.

### Lateral ventricle index calculation

On day 21 after SAH, rats (n=10, shared with Morris water maze test) were transcardially perfused with ice-cold PBS (pH 7.4), followed by perfusion with 4% paraformaldehyde. The brains were then removed and fixed in 4% paraformaldehyde at 4°C for 3 days. Following dehydration with 30% sucrose in PBS (pH 7.4), the brains were cut into 10 µm sections on a vibratome.

The size of the lateral ventricle was determined using the lateral ventricle index, which was calculated on the basis of measurements of the brain slices using ImageJ software (version 1.48; National Institutes of Health, Bethesda, MD, USA). Specifically, the lateral ventricle index was calculated as the lateral ventricle volume divided by the total area of the brain slice at the level of the preoptic chiasm. Hydrocephalus was defined as a lateral ventricle index \>3 standard deviations above the mean in sham animals ([@b20-etm-0-0-3640]).

### Masson staining

The brain samples (n=3, shared with Morris water maze test) were prepared in a manner similar to that of the animals used for the lateral ventricle index calculation, with the exception that brain tissue from the dura mater was not removed in order to prevent possible traction injury of the leptomeninges. Masson staining was performed according to the manufacturer\'s protocol (Leagene Biotech Co., Ltd., Beijing, China). Briefly, the brain slices were stained with Masson composite staining solution for 5 min, washed briefly with 0.2% acetic acid solution, for 5 min with 5% phosphotungstic acid, and twice briefly with 0.2% acetic acid. Then, the slices were stained with 1% aniline blue for 5 min, followed by washing twice briefly with 0.2% acetic acid. The slices were then dehydrated in absolute alcohol, rendered transparent by placing in xylene, and finally mounted with neutral gum. Collagen fibers appeared bluish green in color when observed under a light microscope.

### Enzyme-linked immunosorbent assay (ELISA)

On days 3, 4 and 5 after SAH, 100 µl CSF was collected (n=10) 5 min after LSKL administration. These CSF samples were mixed and divided into three equal shares for the detection of TSP1, activated TGF-β1 and total TGF-β1 using the respective ELISA kit (Wuhan Boster Biological Technology, Ltd., Wuhan, China). For total TGF-β1 detection, 1 mol/l HCl was added to the CSF at the ratio of 3:1 for 10 min. The sample was then analyzed using the ELISA kit used to detect activated TGF-β1.

On day 21 after SAH, 100 µl CSF was collected from each of the rats used for the Morris water maze test (n=10). The content of pro-collagen I c-terminal propeptide (PICP) was then detected using a PICP ELISA kit (Wuhan Boster Biological Technology, Ltd.).

### Western blotting

Western blot analysis for superficial brain tissues was performed as previously described ([@b21-etm-0-0-3640],[@b22-etm-0-0-3640]). Brain tissues were isolated on day 5 after SAH (n=10) and homogenized in a lysis buffer containing 150 mmol/l NaCl, 50 mmol/l Tris-HCl, 10 mmol/l ethylenediamine tetra-acetic acid, 0.1% Tween-20, 1% Triton X-100, 0.1% β-mercaptoethanol, 0.1 mmol/l phenylmethylsulfonyl fluoride, 5 µg/ml leupeptin and 5 µg/ml aprotinin, pH 7.4. Homogenates were centrifuged at 4°C for 10 min at 10,000 × g, and supernatants were collected. Protein concentrations were determined using a protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA). Following this, the sample (50 µg) was loaded onto 10% polyacrylamide gel with 0.1% sodium dodecyl sulfate and separated by electrophoresis at 100 V for 120 min. Proteins were then transferred onto nitrocellulose membranes and probed with primary antibodies against collagen I (1:2,000; sc-59772; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), Smad2/3 and phospho (p)-Smad2/3 (1:1,000; sc-376928 and sc-101801, respectively; Santa Cruz Biotechnology, Inc.). After washing, membranes were incubated with secondary horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody and HRP-conjugated goat anti-mouse antibody (1:4,000; A0208 and A0216; Beyotime Institute of Biotechnology, Shanghai, China). Proteins were visualized with enhanced chemiluminescence reagents (ECL Plus; GE Healthcare Life Sciences, Chalfont, UK), and blots were exposed to Hyperfilm. The results were analyzed with Kodak ID image analysis software (Kodak, Rochester, NY, USA). The relative intensity of the bands of interest was calculated by correcting for β-actin (1:4,000; sc-47778; Santa Cruz Biotechnology, Inc.) from the same sample. Fold changes were then calculated against control intensities from sham-treated animals.

### Statistical analysis

Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA) and SPSS version 16.0 software (SPSS, Inc., Chicago, IL, USA). Data were expressed as the mean ± standard error of the mean and analyzed by one-way analysis of variance followed by Student-Newman-Keuls test. Mortality data were analyzed by Fisher\'s exact test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Mortality

Of the 103 rats in the present study, 14 rats died and were excluded from further experiments. One rat in the sham group died during surgery. Five rats in the SAH+PBS group, 2 rats in the SAH+LSKL-N^15^ group and 6 rats in the SAH+LSKL group died within 72 h after SAH model initiation, perhaps due to severe brain injury. The total mortality rates were 17.8, 16.7 and 20.7% in the SAH+PBS, SAH+LSKL-N^15^ and SAH+LSKL groups, respectively, with no significant differences between the groups (P\>0.05).

### LSKL peptide can easily traverse the blood brain barrier

At 5 min after the intraperitoneal injection of N^15^-labelled LSKL into the rats, the concentration of LSKL-N^15^ was lower in the CSF than in the blood in sham rats (P\<0.05); however, there was no significant difference in LSKL-N^15^ concentration between the CSF and blood in the SAH group ([Fig. 1A](#f1-etm-0-0-3640){ref-type="fig"}). The ratio of LSKL-N^15^ between the CSF and blood significantly increased after SAH in comparison with that in the sham group (P\<0.05) by a mean value of 84.99% ([Fig. 1B](#f1-etm-0-0-3640){ref-type="fig"}).

### LSKL peptide alleviates hydrocephalus and long-term cognitive deficits after SAH

PBS-treated rats following SAH exhibited a significantly larger lateral ventricular index compared with the sham rats (P\<0.05). Further analysis revealed that LSKL treatment reduced the lateral ventricular index, an indicator of ventriculomegaly, compared with that in the SAP+PBS group (P\<0.05; [Fig. 1C](#f1-etm-0-0-3640){ref-type="fig"}).

The Morris water maze results indicate that the two-hemorrhage injection rat model of SAH induced significant increases in latency to reach the platform on days 18, 19 and 20 after SAH (P\<0.05; [Fig. 1D](#f1-etm-0-0-3640){ref-type="fig"}), decreased the total swim distance (P\<0.05; [Fig. 1E](#f1-etm-0-0-3640){ref-type="fig"}), and increased the number of times that the rat entered the platform quadrant (P\<0.05; [Fig. 1F](#f1-etm-0-0-3640){ref-type="fig"}). However, treatment with the LSKL peptide attenuated these unfavorable effects when compared with the SAH+PBS group (P\<0.05; [Fig. 1D-F](#f1-etm-0-0-3640){ref-type="fig"}).

### LSKL peptide inhibits subarachnoid fibrosis after SAH

On day 21 after SAH, Masson staining revealed greater quantities of collagen fibers in the brains of rats in the SAH+PBS group as compared with the SAH+LSKL group ([Fig. 2A](#f2-etm-0-0-3640){ref-type="fig"}). In addition, as compared with the sham group, PICP levels in the CSF were significantly elevated on day 21 in the SAH+PBS and SAH+LSKL treatment groups (P\<0.05; [Fig. 2B](#f2-etm-0-0-3640){ref-type="fig"}). Notably, LSKL treatment effectively reduced the concentration of PICP compared with that in the SAH+PBS group (P\<0.05; [Fig. 2B](#f2-etm-0-0-3640){ref-type="fig"}). Furthermore, on day 5 after SAH, the expression level of collagen I in the SAH+PBS group was significantly increased in comparison with that in the sham group (P\<0.05) but was reduced by LSKL treatment (P\<0.05; [Fig. 2C](#f2-etm-0-0-3640){ref-type="fig"}).

### LSKL peptide inhibits TGF-β1 signaling activity after SAH

The concentration of TSP1 in the CSF of rats in the SAH+saline group was significantly increased compared with that in the sham group (P\<0.05), and LSKL treatment only slightly reduced the concentration of TSP1 following SAH (P\>0.05; [Fig. 3A](#f3-etm-0-0-3640){ref-type="fig"}). However, LSKL treatment significantly decreased the activation of TGF-β1 in the CSF in comparison with that in the SAH+PBS group (P\<0.05; [Fig. 3B and C](#f3-etm-0-0-3640){ref-type="fig"}). Moreover, the expression of p-Smad2/3 in the rat brains was significantly increased at day 5 after SAH (P\<0.05), and treatment with LSKL significantly reduced the elevated level of p-Smad2/3 following SAH in comparison with that in the SAH+PBS group (P\<0.05; [Fig. 3D and E](#f3-etm-0-0-3640){ref-type="fig"}).

Discussion
==========

In the present study, it was demonstrated that LKSL peptide easily crosses the blood brain barrier and protects against subarachnoid fibrosis, attenuates ventriculomegaly, and effectively suppresses the development of chronic hydrocephalus in a rat model of SAH. In addition, it was revealed that the protective effects of LSKL peptide are achieved primarily via inhibition of the activating process of TGF-β1 and downstream Smad2/3 signaling without affecting the expression of TSP1, which is critically implicated in the pathogenesis of subarachnoid fibrosis and chronic hydrocephalus after SAH ([@b11-etm-0-0-3640]--[@b13-etm-0-0-3640]). Notably, it was also demonstrated that the administration of LSKL peptide ameliorates long-term neurocognitive deficits following SAH.

Early brain injury is currently considered the most promising target in the treatment of SAH ([@b23-etm-0-0-3640]); however, delayed neurological deterioration remains one of the major causes of severe morbidity ([@b24-etm-0-0-3640]). Although it presents less frequently than other complications of SAH, chronic communicating hydrocephalus reportedly contributes to poor long-term neurological outcomes, particularly severe cognitive deficits ([@b25-etm-0-0-3640]). Two-hemorrhage injection models of SAH were employed in the present study, which produce a similar incidence of hydrocephalus to other SAH models ([@b26-etm-0-0-3640],[@b27-etm-0-0-3640]). Evidence from previous studies indicates that fibrosis of the leptomeninges and arachnoid granulations due to blood product deposition may contribute to the development of post-hemorrhagic communicating hydrocephalus via blockage of the flow of CSF, suppression of CSF absorption, and reduction of CSF drainage ([@b28-etm-0-0-3640],[@b29-etm-0-0-3640]).

TGF-β is a potent fibrogenic factor in the pathogenesis of fibrosis, with an important role in various cellular processes such as cell proliferation, differentiation, apoptosis, migration, and stimulation of extracellular matrix synthesis. Members of the TGF-β family can bind to TGF-β type-1 and type-2 receptors on the cell surface, inducing phosphorylation of Smad2/3, initiating multiple intracellular signaling and exerting pro-fibrotic effects ([@b30-etm-0-0-3640]). Marked upregulation of TGF-β1 has been observed in the CSF of patients following SAH, particularly in those with hydrocephalus ([@b9-etm-0-0-3640],[@b31-etm-0-0-3640]). However, only trace amounts of TGF-β1 are found in the CSF of healthy individuals, although platelets are known to store excess TGF-β1, which can be released by platelet degranulation after aneurysm rupture to initiate the local synthesis of extracellular matrix ([@b31-etm-0-0-3640]). In the present study, an increase of TGF-β1 in the CSF of SAH model rats was observed. This is consistent with the previous study in which the active form of TGF-β1 was shown to be vital in activating TGF-β1/Smad2/3 and the downstream biological effects.

One of the key regulatory factors of TGF-β activity is its conversion from the latent precursor to the biologically active form. The activation of TGF-β is dependent on the interaction of a specific amino acid sequence (K^412^RFK^415^) in TSP1, with the latent TGF-LAP complex ([@b10-etm-0-0-3640]). Formation of the TSP1-LAP complex requires the activation sequence Lys-Arg-Phe-Lys (KRFK) and a sequence (LSKL) near the amino terminus of LAP, which is also conserved in TGF-β. Endogenous LSKL peptides are able to competitively inhibit the activation by TSP or other KRFK sequence-containing peptides ([@b32-etm-0-0-3640]). In addition, the interaction of LAP with TSP1 may prevent the reformation of an inactive TGF-LAP complex because TSP-bound LAP is not able to activate latent TGF-β ([@b32-etm-0-0-3640]). In the present study, it was demonstrated that exogenous LSKL is capable of significantly reducing the activation of latent TGF-β following SAH without affecting the expression of TSP1 in the CSF. The experimental data further demonstrate the potential of LSKL peptide to inhibit fibrosis, which is consistent with previous studies of fibrosis in other tissues ([@b11-etm-0-0-3640]--[@b13-etm-0-0-3640],[@b33-etm-0-0-3640]).

Exogenous LSKL peptide is a small peptide that consists of only four amino acids. Its simple structure and small molecular weight allow the unsaturated, exogenous LSKL peptide to easily cross the cell membrane and directly enter the cell without expending energy. Therefore, the absorption, transformation and utilization of LSKL peptide are efficient, complete and thorough, characteristics that may be favorable for clinical application to reduce subarachnoid fibrosis after SAH. In the present study, it was demonstrated that LSKL can efficiently cross the blood brain barrier, alleviate the symptoms of hydrocephalus, and ameliorate long-term neurocognitive deficits after SAH.

In summary, the present study indicates that LSKL peptide suppresses subarachnoid fibrosis via inhibition of TSP1-mediated TGF-β1 activity, prevents the development of chronic hydrocephalus, and attenuates long-term neurocognitive deficits following SAH. Although direct translational trials of the present study may prove impractical, given the relatively high incidence and sustained debilitating properties of chronic hydrocephalus, LSKL peptide represents a potentially feasible and promising therapeutic tool. Further investigation of the protective effects of LSKL peptide in post-hemorrhagic chronic hydrocephalus is warranted.
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![LSKL peptide alleviated hydrocephalus and improved long-term cognitive function following SAH. (A) Quantitative analysis of N^15^-labelled LSKL peptide in the blood and CSF on day 3 after SAH. (B) Ratio of N^15^-labelled LSKL peptide between the CSF and blood. (C) Quantitative analysis of the lateral ventricular index on day 21 after SAH. Quantitative analysis of (D) the latency to reach the platform, (E) the total swim distance to the platform and (F) the percentage of time rats spent in the probe quadrant in the Morris water maze test from day 18 to day 20 after SAH. Data are expressed as the mean ± standard error of the mean (n=13 for Morris water maze test, n=10 for other results). \*P\<0.05 vs. the sham group; ^\#^P\<0.05 vs. the SAH+PBS group; ^&^P\<0.05 vs. the value in blood. SAH, subarachnoid hemorrhage; CSF, cerebrospinal fluid; LSKL, leucine-serine-lysine-leucine; PBS, phosphate buffer solution.](etm-12-04-2537-g00){#f1-etm-0-0-3640}

![LSKL peptide suppressed subarachnoid fibrosis following SAH. (A) Representative Masson staining slices of rat brain on day 21 after SAH (n=3; scale bar, 100 µm). (B) Quantitative analyses of PICP in CSF at day 21 after SAH. (C) Representative western blot bands and quantitative analyses of collagen I on day 5 after SAH. Relative densities of each protein have been normalized against the sham group. Data are expressed as the mean ± standard error of the mean (n=10). \*P\<0.05 vs. the sham group; ^\#^P\<0.05 vs. the SAH+PBS group. SAH, subarachnoid hemorrhage; CSF, cerebrospinal fluid; PICP, pro-collagen I c-terminal propeptide; Col I, collagen I; LSKL, leucine-serine-lysine-leucine; PBS, phosphate buffer solution.](etm-12-04-2537-g01){#f2-etm-0-0-3640}

![LSKL peptide inhibited TSP1-mediated TGF-β1 signaling activity following SAH. Quantitative analyses of (A) TSP1 and (B) total TGF-β1 and active TGF-β1 in the CSF on days 3--5 after SAH. (C) Ratio of active TGF-β1 to total TGF-β1 in the CSF on days 3--5 after SAH. (D) Representative western blot bands of p-Smad2/3 and (E) quantitative analyses of p-Smad2/3 expression on day 5 after SAH. Relative densities of each protein have been normalized against the sham group. Data are expressed as the mean ± standard error of the mean (n=10). \*P\<0.05 vs. the sham group; ^\#^P\<0.05 vs. the SAH+PBS group. SAH, subarachnoid hemorrhage; CSF, cerebrospinal fluid; TSP1, thrombospondin-1; LSKL, leucine-serine-lysine-leucine; PBS, phosphate buffer solution.](etm-12-04-2537-g02){#f3-etm-0-0-3640}
